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A numerical reservoir simulation study is presented 
for the Saertu field, China. This initially 
undersaturated oil accumulation is the result of structural 
trapping within a delta deposit environment, and production 
is from the Cretaceous 11 G " sandstone. There are a total 
of fifteen wells in the pilot waterflood project area at an 
average depth of 3,200 feet. These wells form two groups of 
inverted nine-spot waterflood patterns, covering an area 
approximately 7,000 feet long and 4,600 feet wide.
A three-phase, three-dimensional black-oil numerical 
reservoir simulator was used in this study. The major 
purpose of this study is to understand reservoir behavior 
better in general, the role of geology in reservoir 
performance and simulation, and how to use the numerical 
reservoir simulator efficiently when applied to the actual 
field. This study was undertaken to determine the 
efficiencies of primary depletion and water flooding, and 
to investigate which reservoir parameters have significant 
effects on reservoir performance.
The ultimate primary recovery is estimated to be 17 
percent of the original oil in place, and the pilot 
waterflood recovery is estimated to be 27.7 percent at a 
producing water cut of 94 percent. The relative
iii
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permeability to water, directional permeability, and faults 
have significant effects on reservoir performance. Since 
the reservoir has an adverse water-oil mobility ratio and 
severe vertical permeability stratification, polymer 
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The reservoir which has been investigated contains a 
black oil and is in the pilot stage of waterflooding within 
a much larger surrounding oil field. The area of interest 
consists of 15 wells, covering an area approximately 7,000 
feet long and 4,600 feet wide. The original oil in place 
was 96 million stock tank barrels. There are two groups of 
inverted nine-spot patterns.
These wells are located in the center of a very large 
anticline, however, the field is so flat that we can 
consider the angles of formation dip to be zero in the area 
of interest. The reservoir is very stratified, consisting 
of 57 geologic beds. For reservoir study and simulation 
purposes, these geologic beds have been grouped into 8 
layers, but only the bottom 5 layers have been perforated 
in this study area. Stream channels and faults have been 
identified within the study area and their importance has 
been investigated.
There were no gas cap and no edge or bottom water 
initially. The pressure has remained above the bubble point 
throughout the production history because of early water 
injection. The production and injection began in October 
and December of 1980, respectively.
Most results reported herein are from reservoir
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simulation. Efforts have been made to study hypothetical 
recoveries, reservoir performance, and potential problems 
as to depletion, partial water drive, and water flooding of 
the reservoir. Also, efforts have been made to study which 





The area of interest is located in the western central 
part of the G reservoir. The G reservoir is another oil 
formation of the Saertu Oil Field, lying below the Saertu 
and Putaohua oil reservoirs. It belongs to the middle to 
lower part of the Q-Y reverse cycle of lower Cretaceous 
sediments over the gross interval 2,560 feet to 3,540 feet 
subsea, or 3,060 feet to 4,040 feet below the surface. In 
the central part of the Saertu Oil Field, the G reservoir 
is relatively well developed. In this area both the Saertu 
and Putaohua reservoirs have been produced for more than 2 0 
years, but the G reservoir has yet to be produced on a wide 
scale.
Structure
The G reservoir is an anticlinal structure, and the 
maximum oil-bearing area is approximately 25,000 acres. The 
structural closure on the top of the G reservoir is 780 
feet. The angles of dip on the eastern and western flanks 
of the structure are 3.0 and 3.5 degrees, respectively. 
Fractures are concentrated along the axis and on the 
western flank. Approximately 50 faults have been identified 
on the structure with a greater concentration near the 
crest of the structure and on the western limb. All faults
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are normal with dip angles between 40 and 60 degrees, and 
the trend is northwest-southeast. Vertical displacements 
range from 20 to 440 feet, but most are 130 to 3 30 feet. 
Fault extension is commonly less than 2.5 miles. 
Stratigraphy
The G reservoir was originally separated by geologists 
and engineers into 57 beds, each one of which usually 
represented one complete bar finger sand. Several beds are 
very thin and, therefore, are combined with other beds to 
form 51 geologic beds. Eight production layers were made by 
combining the 51 geologic beds for reservoir study and 




GI layer 1 M1-M3A
GI layer 2 M4-M6A
GII layer 3 M7-M21
G U I layer 4 M22-M24
G U I layer 5 M25-M27
G U I layer 6 M28-M30A
GIV layer 7 M30B-M34B
GIV layer 8 M35-M39
Examination of cores from five wells, core analyses, and 
electric log curves of the G reservoir sandstones and
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associated deposits in the central part of the Saertu 
structure indicate they are shallow-water deltaic facies. 
They were principally deposited into a lake in the delta 
front environment with minor contributions from delta plain 
and prodelta facies, (see Figures 1 and 2).
Sandstones of the G reservoir were deposited by streams 
of moderate discharge, building deltaic deposits in 10 to 
30 feet of water (considered shallow water deltaic 
sedimentation). The streams or distributaries built lobes 
of delta front sediments which likely interfinger with 
underlying prodelta clay stones (shales below the G 
section) and were subsequently covered by marsh and 
floodplain deposits of the delta plain.
The textures and structures seen in cores of the G 
reservoir sandstone from 5 wells indicate that a fluvial- 
dominated delta system is slightly more in evidence than a 
wave-dominated system. The result was the deposition of 
deltaic lobes built by the progradation of stream-mouth 
bars. Also, coarse elastics were transported to 
interdistributary sites.where they were shaped by wave 
processes. These processes also operated on the distal 
parts of the stream-mouth bar deposits.
The sedimentary model developed for the G reservoir 






















































































































































































































































































sandstones. Crevasse sandstone and distributary channel 
fill sandstone, possibly connected by thinner delta front 
sheet sandstone deposits formed by lake processes, are 
present, but are minor factors in the formation of the 
reservoir volume. Sheets as just described should not be 
continuous and could be interrupted by areas of undivided 
delta front fine-grained deposits. The key environments of 
reservoir facies in the project area are those associated 
with stream-mouth bars and the distributaries, or streams 
which caused them.
Sand body thicknesses are directly related to depth of 
water. Hence, if sand thickness varies between 10 feet to 
30 feet, this was the depth of the water during deposition. 
In general, deep water deltas have single sand thicknesses 
greater than forty meters. The G reservoir sands are, 
therefore, in the shallow water category.
Below bed marker M39, the lithology is largely shale of 
the prodelta environment. The GIV (bed marker 3OB-39) marks 
the progradation of the delta into formerly quiet water 
deposition as fringe delta front deposits. These deposits 
show the thin shale and silt interbeds on both the SP and 
resistivity curves on wireline logs. The type well log 
curves are given in Figure 3. Sandbody geometry and 
distribution of the GIV is discontinuous sheet sand, only
ER-3296 9
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Figure 3. Type Log Curves
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locally distributed continuously.
The G U I  (bed marker 22-30A) is generally well-developed 
stream-mouth bar deposits with occasional well-developed 
channel fills of sand. The sand body geometry and 
distribution of the G U I  is discontinuous and extensive 
sheet sand beds with medium and thick sands interbedded 
with thin sands.
The GII (bed marker 7-21) is most often a series of 
stacked but thin stream-mouth bars. The thinness indicates 
very shallow water conditions in the depositional 
environment, and channel fills are very seldom seen. Thick 
net sand, however, indicates the closeness of the well 
penetration of the sand to the channel axis; they are 
thicker, with few to no shale or silt interbeds. Sand body 
geometry and distribution of the GII indicates thin sheet 
sandstone distributed in a large area.
The GI (bed marker 1-6A) is largely a delta plain 
environment although 10 to 16-foot stream-mouth bar sands 
can be found. Point bar channel sands are found in 
abundance and are obvious in the 3 to 7-foot thick crevasse 
type of sand deposition. Shale interbeds are as abundant as 
sand and of similar thickness. Sandbody geometry and 
distribution of GI is bandy and lenticular.
Originally 57 cycles were picked and identified for
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study. These represent those cycles deposited as a result 
of individual times of excessive water run off. Thus, each 
cycle marks an instant of geologic time when stream 
development, erosion, and deposition can be related 
throughout the project area. A finer separation of the 
cycles would result in the study of smaller portions of 
each sand body. The breakdown into 57 cycles allows each 
reservoir unit to be studied in the smallest practical 
subdivision of the rocks.
Lithology
The G reservoir is a set of interbedded grey to greyish 
black sandstones and mudstones. It consists mainly of hard, 
sandy, feldspathic, coarse siltstones with a mean grain 
size of 0.08 to 0.11 micrometer. Sandstone is primarily 
cemented in the pore-contact manner. Clay is the 
predominant cement, followed by carbonate, forming a cement 
content of 5 to 15 percent. The clay mineral of the cement 
consists mainly of kaolinite and to a lesser extent, 
montmorilIonite and damourite. The mean radius of the pore 
throats of the sandstone is approximately 3 to 4 x 10-6 m.
The GI
The GI consists of thin stratified siltstone and fine 
sandstone interbedded with deep greyish green massive 
mudstone with a few calcareous rocks. The upper sandstone
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is better developed than the lower one, which is 
characterized by siltstone and muddy siltstone interbedded 
with grey mudstone and more calcareous streaks than the 
upper.
The GII
As compared with the GI zone, the GII rocks become 
markedly finer, the mudstone darker and calcareous 
siltstone and Ostracoda more abundant, forming thin 
siltstone and calcareous rocks interbedded with 
greyish-black mudstone having parallel bedding. The upper 
part is alternating beds of thin siltstone and deep grey 
to greyish black mudstone with a large number of Ostracoda 
streaks, and silty sandstone is well developed. In the 
lower part, the grains are finer, the mudstone darker and 
Ostracoda streaks more common, forming muddy and calcareous 
siltstone interbedded with greyish black mudstone.
The G U I
The G U I  consists of silty to fine sandstone and grey to 
greyish green mudstone interbedded with muddy siltstone. In 
the middle a thick sandstone is common. Above and below it, 
the grains are finer. Within the mudstone parallel bedding 
and Ostracoda streaks are present.
The GIV
Ostracoda streaks are very common, and thin siltstone and
ER-3296 13
muddy siltstones are interbedded with black mudstone. 
Heterogeneity
Heterogeneity is greatest in the shortest lateral 
dimension and nearly non-existent in the long lateral 
dimension. Each bar finger becomes finer grained downward 
and also poorer in reservoir quality. The best reservoir 
quality rock occurs along the bar finger axis.
Wells closer to the channel axis of each stream-mouth bar 
or distributary-mouth bar have the following character:
1) a thick sand sequence;
2) fewer to no shale interbeds;
3) cleaner and more porous sands.
Wells drilled in the outer or distal portions of bar 
deposition show
1) thinner sand sequence;
2) more thin sand beds(0.6 feet) between shale interbeds;
3) high percentages of either dispersed or bedded clay. 
Locations of possible stream channel axis for each layer
are presented in Figures 4 to 11. Please note, on each 
figure showing well locations, the well numbers are as 
depicted on Figure 4. That is, well SPAB-01 is in the upper 
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To investigate the potential of the G reservoir, a pilot 
area of 776 acres was established in 1979. Two well-spacing 
patterns of 693 by 693 feet and 1386 by 1160 feet were used 
to analyze the producing potential of the G reservoir under 
water flooding.
The South Pilot Area is located southeast of the North 
Pilot Area with 1386 by 1160 feet well spacing. The South 
Pilot area covers an area of 592 acres.
Only the southern part of the South Pilot Area was 
studied for this project. Figure 12 shows the structural 
map on top of layer 1 and the faults in the area of 
interest. Further, the majority of the producing wells 
have been hydraulically fractured at least once during 
their production history. All the wells in the study area 
were cased through, but only zones G U I  and GIV (layer 4 
through layer 8) have been perforated. Figure 13 shows 
perforated zones of wells in the project area.
The area of interest consists of 15 wells, covering an 
area approximately 7,000 feet long and 4,600 feet wide. The 
original oil in place was estimated to be 96 million stock 
tank barrels. There are two groups of inverted nine-spot 
patterns, surrounded by wells which have not yet been 
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several production and injection wells in the South Pilot 
Area on-the north side of the study area.
There were no gas cap and no edge or bottom water 
initially. The pressure has remained above the bubble point 
throughout the production history primarily as a result of 
early water injection. Production and injection began in 
October and December of 1980, respectively. In March of 
1984, the producing water cut had increased to 30 percent.
Initially all production wells were flowing wells. Well 
SPAB-12 was put on artificial lift in January of 1981; well 
SPAB-13 was put on artificial lift in October of 1980? and 
well SPAB-14 was put on artificial lift in November of 
1980.
As discussed earlier, the producing sands range in depth 
from 2,560 feet to 3,540 feet below sea level, and 
approximately fifty geologic marker beds have been 
identified. The fact that sand beds are very stratified has 
been proven by log data and core data. The thickness of 
each study layer for each of the 15 wells in the project 
area is presented in Figures 14 to 21. The net pay 
thickness of the study area is approximately only 10 
percent of the gross thickness. The gross and net 
thicknesses of each sand bed for the 15 wells in the 



















































































































































































































































evidence of vertical communication among these beds.
Daily- oil and gas as well as water production data for 
the study area and for each well are presented in Figures 
22 through 70. In Figures 26 through 29, each well is shown 
at its approximate location within the project area. The 
scales on these small figures are the same as shown on the 
corresponding larger figures. For example, the scales on 
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The reservoir contains black oil, and the fluid and 
reservoir properties are listed in Table l.
The available data for definition of the PVT behavior of 
the G reservoir oil consists of one differential depletion 
test on well SPAB-01 and flash data from 7 wells outside 
the pilot area and 4 wells inside the pilot area, 
comprising a total of 14 fluid samples. The flash data were 
measurements of PVT properties at the saturation pressure 
of the fluid samples.
The data from the flash tests were averaged and used as 
the definition of PVT properties at the saturation 
pressure. The average saturation (bubble-point) pressure 
was 1293 psig; the average solution gas-oil ratio was 217 
scf/stbo; the average formation volume factor was 1.116 
resb/stb? and the average viscosity was 9.2 cp. The data 
used for averaging were all measured at the saturation 
pressure of the respective samples. The data from the 
differential depletion test of the fluid sample from well 
SPAB-01 were used to determine the curve shapes at 
pressures below the bubble-point pressure. Thus, the 
average curves depicted in Figures 71 through 73 were 
determined from both flash data and differential depletion
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Table 1. Fluid and Reservoir
oil density
@ stock-tank conditions













original reservoir pressure 
@ datum depth
datum depth
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@ which porosities were measured
average connate water saturation
average permeability




















































































































data, with the flash data being used to determine average 
PVT values above and including the saturation pressure; and 
the differential depletion data being used to determine the 
curve shape for PVT properties below the saturation 
pressure.
Water properties were based on standard correlations, 
yielding an average compressibility of 3.3 * 10“s/psi, and 
a viscosity of 0.55 cp at reservoir conditions.
Gas properties were based on standard correlations for 
reservoir gas of 0.63 5 specific gravity and a reservoir 
temperature of 123°F.
Rock Properties
Relative permeability data were measured on core samples 
from two wells in the G reservoir. All of the relative 
permeability data were normalized so that the data were 
reduced to a common basis for comparing and averaging. 
Average end-point values were determined by plotting the 
available data. The end-point values that were determined 
for the relative permeability data are as follows:
Kro=0.362 @ Swc=0.3375-0.5375
Krw=0.102 @ Sor=0.23
The data were then denormalized to reflect water saturation 
endpoints (i.e, immobile water saturations) that matched 
the values of initial water saturation calculated from
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wireline logs. The immobile water saturation ranged from 
0.3375 to 0.5375. Typical relative permeability curves are 
given in Figure 74.
The rock compressibility was defined using standard 
correlations for consolidated sandstone. No laboratory 
measurements were made to define this parameter. The 
porosity values were based on both the results of the 
analysis of logging data on each well and core data of 18 
wells over a large area. Porosity data for each study layer 
of the wells are given in Figures 75 to 82.
The permeability values were also based upon logging and 
core data. Permeability data for each study layer of wells 
are given in Figures 83 to 90. Permeability is a reflection 
of heterogeneity. Across the width of a bar finger sand, 
which is 0.6 miles to 0.9 miles, the greatest variation in 
values occur. Along the length of sand, which may be 
greater than 8 miles, less variation occurs in the 
permeability. This indicates the continuity of the 
reservoir along the channel axis and the heterogeneity 
across the width of the sand.
Water saturations were based on the core analysis 
capillary pressure measurements and log analysis.
Saturation data for each study layer of the wells are given 






























































































































ARTHUR LAKES LIBRARY 




















































































































































































































































































































































rH VO<0 >P Q)-P C *H








































































































































































































































































































































































































































outer fringes of the widths of the sand bodies where 
permeability is low, and are solely a function of rock 
quality. No free water level has been found in any well. 
The channel axis of each distributary can be found to have 
similar Sw values. The most significant variation occurs 
across the channel axis of the sand body.
Capillary pressure data available for the G reservoir 
were normalized using the J-function. The J-function is 
used as a means to convert capillary pressure to as common 
a basis as possible for comparing and averaging. Capillary 
pressure data were available for 5 wells. The results of 
the calculations using the J-function are shown in Figure 
99. These data were all measured with an oil-water system. 
Oil-Water Contact
The most reliable data for oil-water contact 
determination were the core analyses, the capillary 
pressure data and the production tests. The conclusion was 
that the original oil-water contact level was below the 
bottoms of the logged and tested depths. This means that 
the original oil-water contact was at or below 3510 feet 
subsea.
Well Completions and Workovers
All 15 wells in the project area were completed in 1980. 
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and some wells have been fractured twice. Some of the 
fracture operations were accomplished with acidization, and 
the two injection wells have been acidized without fracture 
treatment. The workover practices included installing pumps 
and packers. The detailed information on each well is given 
in Tables 2 to 16.
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Some Observations of Reservoir Performance
Gas production along the north row of wells in the 
project area was low, averaging only 50 mscf/day. These 
wells are close to injection wells on the north side of the 
project area. Gas production along the south row of wells 
in the project area was higher, averaging 100 mscf/day. 
There are no active wells (production or injection) south 
of this row.
Water production was relatively high along the north row. 
These wells were close to injection wells both inside and 
outside the project area. Water production along the south 
row in the project area was low. There were no injection 
wells south of this row. They were influenced only by the 
two injection wells inside the study area. Figure 100 shows 
well locations both inside and adjacent to the study area.
There is no vertical movement of fluids between layers in 
the project area, and reservoir pressure generally did not 
fall below bubble-point pressure. However, the reported 
producing gas-oil ratio at many of the wells exceeded the 
solution gas-oil ratio of 217 scf/stb. This resulted in gas 
production approximately 2 5 percent higher than that which 
would occur from solution gas alone. Also, gas production 











Figure 100. Well Locations in and adjacent to Project Area
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It appears that the injection wells in the project area 
only provided partial pressure maintenance. It was much 
like a partial water drive, and pressures were not fully 
maintained. The pressure data are given in Figure 101.
Those data show the bottom-hole pressures obtained by the 
extrapolation of Horner plots.
Since there were two injection wells on the north side of 
the project area, and they were also perforated through 
layers 3 to 7 or 8, one would expect that a pressure 
gradient would exist from north to south. The actual 
pressure distribution for each row (i.e, north, middle, 
south) showed decreasing pressure with time, and the 
pressure distribution did not give strong evidence that 
pressures on the north were higher than those on the south.
Figure 102 shows the plot of water cut versus cumulative 
oil production. The water breakthrough occurred early, 
which is strong evidence that the waterflood is not 
efficient. This inefficiency comes from two contributions. 
One is the unfavorable mobility ratio; the viscosity ratio 
is approximately 20 to 1. This gives low areal sweep 
efficiency. Another is the stratification of geologic beds. 
Vertically some beds had water breakthrough earlier than 
others. This caused low vertical sweep efficiency. 


































































































First,- a one-cell model was used to study depletion 
performance. Verification of the model was made by running 
the simulator to duplicate a Tarner prediction for solution 
gas drive performance. Comparisons are fairly good, as 
shown in Figures 103 and 104. Therefore, we can put some 
confidence on the reliablity of the simulator.
Since relative permeability data are generally most 
doubtful, different sets of Krg/Kro were used to study 
their effects on reservoir performance. One laboratory- 
measured data set, which is close to Arps and Roberts least 
favorable Krg/Kro, was used for case 1. In case 2, Krg/Kro 
data were used from Arps and Roberts for the most favorable 
ratio for sandstone. The results, shown in Figures 105 to 
107, indicate that they have great effects on recovery 
efficiency, production rate, and producing gas-oil ratio.
Obviously, based on these one-cell model runs, the area 
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The two-dimensional model was used to make material 
balance calculations, boundary flow studies, and to 
determine grid orientation for the three-dimensional model. 
The results indicate that there is fluid influx across the 
study area boundary. The wells on the north row were 
influenced also by production and injection wells on the 
north side of the study area. Careful examination and 
history match runs show that grid orientation should be 
rotated 4 0 to 60 degrees from the grid system parallel to 
wells in order to account for the directional permeability. 
Rotation of 45 degrees was chosen, and the improvement of 
the history match is shown in Figure 108. This example is 
for well SPAB-01. This rotated orientation of the grid was 
used for the three-dimensional model. Also, the effects of 
including directional permeability are shown on Figure 108, 
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The cross-sectional model was used to generate 
pseudo-relative permeability curves for the three- 
dimensional model. Pseudo-relative permeability curves take 
into consideration the Buckley-Leverett frontal 
displacement and numerical dispersion caused by using 
finite grid cells. Figure 109 shows saturation profiles for 
different types of water relative permeability. The typical 
distance of 1600 feet between injector and producer was 
used for length in the cross-sectional model; so were the 
porosity, permeability and thickness. First, cross- 
sectional models were run using 100 cells between the 
injector and producer. When a truncated relative 
permeability curve for water was used, it gave late water 
breakthrough, as shown in Figure 110, curve 1. Curve 3 was 
given by Buckley-Leverett displacement theory. The 
laboratory relative permeability curve for water gave curve 
2 in Figure 110. Then the model used the truncated relative 
permeability curve for water and 7 cells along the flow 
direction, which would be the minimum number of cells 
between injectors and producers in the three-dimensional 
model. It generated curve 4 in Figure 110. Thus, truncated 
relative permeability curves would be used in the three- 
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General Discussion of History Match 
The grid system of 35x3 5x5 has been used. The grid sizes 
in the x and y directions are basically 250 feet; some are 
200 feet. Figure 111 shows the grid system used in the 
three-dimensional model.
Since the gas production data, as discussed before, are 
suspected to be in error, the pressure data are not 
adequate for each well; and because the study area has been 
under waterflood, the water production was the most 
important parameter to history match. The comparisons made 
between the actual and the calculated results are for water 
production for the rest of this report.
The first step in the history match was made by using the 
defined boundary as a closed boundary and using the 
truncated relative permeability curves for water gotten by 
the Buckley-Leverett theory. For this case, there was no 
water production from any well throughout the history 
period. Then laboratory relative permeability curves for 
water were used, but there was only a little water 
production towards the end of the history period.
Since water production needed to be increased 
significantly, straight lines from 0.0 to 0.3 Krw were used 








































water production for the project area indicated more water 
production than the actual. Then the straight lines from 
0.0 to 0.2 Krw were used for each layer in the model with 
the closed-boundary in order to reduce the water 
production. It resulted in overall water production being 
lower than the actual. Therefore, straight lines of 0.0 to 
0.3 were used again, but using an open boundary. At this 
time, the overall water production was matched, but the 
matches for each well were not so good.
Different ratios of Ky/Kx were used, such as 25 percent, 
50 percent, and 75 percent. Then recognized faults inside 
the study area were put in the model. Different values for 
transmissibility multiplication factor were tried. The 
history match results were not yet satisfactory. Four wells 
on the north side of the study area were then introduced 
into the model. Also, faults inside the project area were 
simulated by specifying different values of Ky, and the 
lengths of faults were varied.
The difficulty in trying to match three wells on the 
south row raised the question if there was a fault between 
well SPAB-07 and wells SPAB-11, SPAB-12, and SPAB-13. 
Therefore, one more fault was added running northwest- 
southeast, following the general direction of the other 
three faults. At this time, the Krw was adjusted again.
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Instead of a straight line Krw for Swi to Sor, two straight 
lines were used. This was done because the simulated water 
production for the project area was lower than the actual 
in the earlier part of the production history and higher 
than the actual in the latter part of the production 
history.
Finally, a reasonable history match was achieved. The 
permeability ratio Ky/Kx is equal to 0.75. The Hearn-type 
relative permeability curves used for reaching final 
history match are presented in Figures 112 to 116. The 
results of the history match for the project area and for 
each well are given in Figures 117 to 130. Figure 131 shows 
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Effects of Major Parameters on History Match
Three major parameters have been shown to have great 
effects on the history match. They are:
1) relative permeability curves of water, Krw;
2) presence of faults;
3) directional permeability.
These parameters were varied during the history match 
process until a reasonable history match was reached.
Several types of relative permeability curves for water 
were tried. The truncated Krw from Buckley-Leverett 
displacement flow and assumptions of uniform layer 
properties did not give any water production during the 
history match period. The laboratory Krw gave a little 
water production. Then a Hearn-type Krw was introduced. A 
straight-line approximation was used for Krw. At Sor, Krw 
was varied between 0.1 and 0.3. When a straight-line 
approximation for Krw was used and at Sor, Krw=0.3, it gave 
a much higher water production than the actual. At Sor with 
Krw=0.1, it gave a lower water production than the actual, 
as shown in Figure 132. The straight-line approximation at 
Sor of Krw=0.15 was used in the final history match.
Several faults have been identified within the project 
area. These faults are crucial for water distribution. 





































the model, water production would be too high for well 
SPAB-02Figure 134 shows that without a fault in the 
southeast in the model, water production would be higher 
for well SPAB—14. As the history match proceeded, another 
fault was suspected of lying in the southwest between well 
SPAB-07 and wells SPAB-11, 12, and 13. Figure 13 5 shows 
that without a fault in the southwest in the model, water 
production would be much higher for well SPAB-13. The 
lengths of faults were adjusted, and in Figure 111 the 
final lengths of each fault are presented. These faults are 
partially sealing, and they have finite values of 
transmissibility in some sections.
Even though faults cause some discontinuity of fluid flow 
locally, directional permeability still had the greatest 
effect on overall reservoir and well performance. Figure 
136 shows that water production would be lower than the 
actual for well SPAB-11 if permeability in the y-direction 
were only 25 percent of permeability in the x-direction. 
Also, the value of Ky=0.50Kx was tried, and Ky=0.75Kx was 
used in the final history match model.
Formation thickness and porosity were varied to see their 
effect on the history match. It was found that thickness 
and porosity could be varied by 10 percent, or 















































































































affecting the result of the history match significantly. 
Figure 137 shows that if thickness and porosity were 
reduced by 2 5 percent each, or approximately 50 percent 
change in reserves, the reservoir would produce much more 
water than the actual. Therefore thickness and porosity 















































The first prediction run continued operations from the 
history match. Bottom-hole pressures of each well were 
specified, using the bottom-hole pressures of the 
corresponding wells from the last time step of the history 
match. The model predicted the recovery from the beginning 
of production would be 11.4 percent of the original oil in 
place by the year 2000. The expected performance is 
illustrated in Figure 138, which is the plot of production 
rates of the project area versus time. The ultimate 
recovery is estimated to be 27.7 percent at the producing 
water cut 94 percent, resulting from the model prediction 
run out to 100 years. All other cases were run only to the 
year 2000.
Case No. 1
The second prediction run approximated a polymer flood. 
The viscosity of water was increased by the factor of five. 
Typically, polymer floods are used in reservoirs which have 
unfavorable water-oil mobility ratios and severe vertical 
permeability variation. The polymer flooding improves 
recovery by increasing the viscosity of water, decreasing 
the mobility of water and contacting a larger volume of the 
reservoir. By increasing water viscosity from 0.55 to 2.75,
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we would expect incremental benefit of polymer flooding.
The model gave a recovery of 12.0 percent by the year 2 000, 
a 5.3 percent increment in recovery. Water production in 
this case is much less than that in the base case. This 
clearly indicates the better sweep efficiency. Production 
rates of the project area versus time are shown in Figure 
139. The implication is that higher viscosity of water is 
needed if higher recovery is desired.
Case No. 2
The third prediction run used the laboratory Krw curve, 
and therefore reduced the water-oil mobility ratio. Bottom- 
hole pressures of each well were specified. The recovery 
the model predicted was 12.1 percent by the year of 2000. 
Figure 140 shows production rates of the project area 
versus time. The oil production did not increase much, but 
water production is much less in this case than in the base 
case. Since the laboratory Krw was used, it implicitly 
assumed that the reservoir had more homogeneous properties. 
Therefore, the recovery is expected to be better and water 
cut to be lower.
Case No. 3
The fourth prediction run assumed that the formation 
within each layer was homogeneous and had uniform 
properties, except for the faults. Hence, Buckley-Leverett
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displacement flow applied, and truncated Krw curves were 
used in the model. Also, bottom-hole pressures of each well 
were specified. The model predicted the recovery of 13.3 
percent by the year of 2000, which is 16.7 percent more 
than that of the base case. The production rates of the 
project area are shown in Figure 141. The results show that 
the reservoir performance is better in this case than that 
in the base case because of vertical homogeneity within 
each layer.
Case No. 4
The fifth prediction run utilized the same truncated Krw 
curves as those used in Case No. 3, but faults were removed 
from the model. Bottom-hole pressures of each well were 
also specified. The model predicted the recovery of 12.5 
percent by the year 2000, which is 9.6 percent more than 
that calculated in the base case. The prediction rates of 
the project area are shown in Figure 142. Since the 
reservoir was homogeneous horizontally and vertically 
within each model layer, this case represents a 




































































o ogOOG0 oooe 00G2 0002 OOGI OOOT
A a p / o q q s  t t o







- r ~ \o
u
cu
d) u  p « p >1 
u  op(0




c o o z













2 ^ -05 -
C M 00 4J-05•H
t / 5
-05
- CM 00 -05



















































































oosoos0 oooe ooss 0002 oost oooi
Aep/oqqs TT°







































































Based on the results of the reservoir simulation study, 
the following conclusions and recommendations were made:
1. If the reservoir were under primary depletion, the 
gas-oil relative permeability ratio Krg/Kro would have a 
great effect on reservoir recovery, producing gas-oil 
ratio, and production rate. The most favorable Krg/Kro 
would give 26 percent recovery at an abandonment pressure 
of 150 psig, while the actual Krg/Kro would give only 17 
percent recovery at the same abandonment condition.
2. During the historical period, the average reservoir 
pressures were above the bubble-point pressure of 1293 
psig, while bottom-hole pressures of some wells.went below 
the bubble-point pressure. However, there was not much flow 
of gas, probably not exceeding the critical gas saturation 
estimated at 5 percent. Also, measured and reported gas 
production data were suspected to be in error.
3. Production began in October of 1980. Under continued 
waterflood operations, the oil recovery of the project area 
could reach 11.4 percent by the year 2000, and the ultimate 
recovery was estimated to be 27.7 percent at the producing 
water cut of 94 percent after 100 years.
4. The net pay thickness and porosity of geologic beds 
from well log and core analysis seem to be in the right
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range. They could vary by 10 percent, i.e., the reserves 
could vary by approximately 20 percent, but not more than 
this range.
5. Hearn-type Krw curves were the best approximation of 
Krw. It took into account the matter of permeability 
stratification.
6. Faults within the project area have significant 
effects on reservoir performance. If no faults existed, the 
areal sweep efficiency of the waterflood would be better.
7. The waterflood is not as efficient as it might be if 
there were no permeability stratification within each of 
the 5 model layers, i.e., if the actual reservoir were more 
homogeneous.
8. A supplemental recovery method using polymers is 
attractive since the reservoir has unfavorable water-oil 
mobility ratio and severe permeability stratification.
9. Grid orientation must be considered to account for the 
natural directional permeability caused by the channel 
deposit environment.
10. Since the directional permeability and faults 
generally run northwest-southeast, a line-drive pattern of 
waterflood may be considered, making the line parallel to 
the faults to improve the sweep efficiency. Other well 
patterns and well spacing should be investigated with the
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purpose being to increase water injection rates and 
accelerate the waterflood.
11. Tracers should be used in water injection wells to 
determine the source of water production for producing 
wells.
12. Future study could be made on experimenting with 
production rates on corner wells with respect to side wells 
to see the difference in recovery efficiency for this 
particular reservoir and the existing well pattern.
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Appendix: Geologic Data for Each of 15 Wells
Following tables show the geologic data for each of 15 
wells. The gross thickness, net pay thickness, initial 
water saturation, porosity, and permeability are given for 
geologic beds and model layers. Some symbols used are 
Gross H - Gross thickness (in meters)
Net H - Net pay thickness (in meters)
SW - Initial water saturation (in percent)
PHI - Porosity (in percent)
KXY - Permeability (in md)
In addition, -99999.000 in the tables means that 
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